, Co3Sn2S2 integrates the flat bands of correlated d-electrons on the kagome lattice 5,6 into the topological band structure [7] [8] [9] [10] and exhibits remarkable properties such as the giant anomalous Hall/Nernst effect 7,11 , chiral-anomaly 7 , surface-termination dependent Fermi arcs 10 , topological catalysis 12 , flat band Berry phase and orbital magnetism 13 . Probing the nature of the magnetism in Co3Sn2S2 is thus crucial for understanding the physical origin, implications, as well as the control of the emergent novel phenomena through manipulation of magnetic order. Here, using spin-polarized scanning tunneling microscopy/spectroscopy (STM/S) combined with first-principle calculations, we study the layer-resolved magnetic behaviors and localized spin-orbit polaron in magnetic Weyl semimetal Co3Sn2S2. We find that the Sn-terminated surface has a nonzero spin-polarization antiparallel to that of the Co3Sn layer, while the Sterminated surface is nonmagnetic. On the S-terminated surface, we observe bound magnetic polarons localized around single-S vacancies with a three-fold rotation symmetry, a polarization antiparallel to the magnetization of the Sn surface, and formed out of the correlated d-electron orbitals in the Co3Sn plane. Studying their response to external magnetic field up to ±6 T reveals an anomalous Zeeman effect, indicating a dominant orbital contribution, in contrast to bound magnetic polarons in dilute magnetic semiconductors. We term this new excitation as a bound spinorbit polaron (SOP). Our findings suggest that engineering of single-S atomic vacancies in Sdeficient Co3Sn2S2-δ may offer a new direction to enhance magnetism in a controlled fashion through the bound SOP.
crystals of Co3Sn2S2 were cleaved in-situ at 6 K under ultrahigh-vacuum and immediately transferred to the STM head. Weak bonds between S and Sn atoms offer a cleave plane and lead to S-terminated (top in Fig. 1b ) and Sn-terminated surface (middle in Fig. 1b ). In topographic STM images, S-terminated surfaces show a hexagonal lattice with some randomly distributed vacancies ( Fig. 1d ), while Sn-terminated surfaces show a similar hexagonal lattice with adatoms and clusters (Fig. 1f ). The dI/dV spectra on these two surfaces measured using a tungsten tip (Extended Data Fig. 1 ) are in good agreement with previous reports 10, 16, 17 .
In order to study the magnetism of Co3Sn2S2, we carried out spin-polarized measurements on S and Sn terminated surfaces with a ferromagnetic (FM) Ni tip, as schematically shown in Fig. 1c . The spinpolarization of the Ni tip was calibrated on Co/Cu(111) (Extended Data Fig. 2 ). External magnetic fields of +0.6 T (-0.6 T) were applied to magnetize the Ni tip to be in the spin up (spin down) states. This tip was then used to measure the spin-dependent dI/dV spectra at 0 T. In the defect-free regions of the S terminated surface, we did not observe spin-polarized contrast, indicating that the intact S-terminated surface is non-magnetic ( Fig. 1e ). On the Sn surface, however, the dI/dV spectrum taken with the spin-up tip shows much stronger intensity than that taken with the spin-down tip (Fig. 1g ), indicating the presence of an FM order in the Sn layer.
To understand the distinct response of the two surfaces with different atomic terminations to spinpolarized tunneling, we carried out DFT calculations of the electronic structures of Co3Sn2S2. The spinresolved, projected density of states (PDOS) on the S-terminated surface (Extended Data Fig. 1 ) shows that the two spin channels are almost degenerate. The net magnetic moment in the S layer is nearly zero.
For the Sn-terminated surface, however, the calculated PDOS shows significant spin-polarization (Extended Data Fig. 1 ) with a net magnetic moment of 0.04 µB. These results are consistent with our STM/S measurements. Moreover, the DFT calculations show that the FM moment in the Sn layer is antiparallel to that (0.3 µB) of a Co atom in the Co3Sn layer, which show the same magnetic order as that in the bulk material (Extended Data Method part). The STM/S together with the DFT results reveals the layer-resolved magnetic structure: a dominant FM ordered Co3Sn layer, a weaker FM Sn layer with opposite magnetization, and a nonmagnetic S layer. Thus, the FM Co3Sn2S2 is in fact a weak ferrimagnet.
We next study the properties of localized excitations by focusing on a region with S vacancies on the Sterminated surface ( Fig. 2 ). An atomic topographic image shows two single-S vacancies labeled as A and B, as well as a vacancy-dimer C ( Fig. 2a ). A typical dI/dV spectrum taken off of vacancies resembles closely that taken in a clean region on the S-surface far away, exhibiting an energy gap of 300meV (black curve in Fig. 2b) 10, 16 . In particular, the dI/dV map of the broad hump around +50 meV ( Fig. 2c ), which is believed to originate from the topological surface states of the magnetic Weyl semimetal 10, 16 , shows extended states with weakened intensity at the S-vacancies. Similarly, the peak near the top of the valence band at -350 meV has a spatial distribution seen in the dI/dV map ( Fig. 2d ) with suppressed density of states around the S-vacancy sites. Remarkably, the dI/dV spectrum taken at the site of vacancy A (red circle in Fig. 2a ) reveals a series of approximately equal-spaced spectral peaks just above the valence band top (orange curve in Fig. 2b ), indicative of S-vacancy induced in-gap bound states. To elucidate the spatial structure of the bound states, we measured dI/dV maps ( Fig. 2e , 2f, and 2g) at -322, -300, and -280 meV, corresponding to the three discernable peaks. The bound states are localized and have a flower petal shaped pattern with a three-fold rotation symmetry around the single-S vacancies A and B. The electrons scatter from the S-vacancy potential and form a bound state corresponding to the sharp primary peak ~-280 meV much like a localized polaron, and the higher order peaks can be understood as due to the polaron shake-off process. These features at the single-S vacancies are highly reproducible in different regions and on different samples (Extended Data Fig. 3 ). From the statistical analysis, we determine the average spacing between the spectral peaks to be ~16meV (Extended Data Fig. 3 ).
To investigate the magnetic properties of the bound states, we switch to spin-polarized Ni tip and obtain the dI/dV spectra on a single-S vacancy D (Fig. 3a ). The strong magnetic contrast over the energy range from -350 to -270 meV shows that the bound states are magnetic with a spin-down majority. The spin flip operation of the Ni tip is shown in Fig. 3b , where we zoom in to one of the two sub-peaks associated with the primary bound state, possibly due to the exchange field induced energy splitting (Extended Data Fig.   4 ). A spin down-tip was initially prepared, which gave a pronounced bound state peak around -283 meV (left panel in Fig. 3b ). The polarization of the tip was then flipped to spin-up by an external magnetic field of +0.6 T. The intensity of the peak at -283 meV was reduced while the peak position did not change (middle panel in Fig. 3b ). After flipping the tip back to spin-down, the peak intensity increases back to the initial level (right panel in Fig. 3b ). These demonstrate the excellent reproducibility of the spin flip operation 18, 19 , and that the bound states are magnetic polarons introduced by the S vacancies. Interestingly, the magnetization of all bound magnetic polarons is opposite to the FM moment in the Sn layer, but in the same direction as the ordered moment in the Co3-Sn layer. Indeed, from the high resolution dI/dV map acquired with the W tip around vacancy D ( Fig. 3c ), the three-fold symmetric spatial profile of the bound magnetic polaron can be traced out and superimposed onto the atomic structure projected to the S-surface ( Fig. 3d ), revealing its overall correlation with the underlying Co atoms. These experimental findings are qualitatively in agreement with and supported by our DFT calculations (Extended Data Fig. 5 ).
To further investigate the nature of the bound magnetic polaron, we measure the magnetic field response of the spectral peaks in dI/dV using a normal W tip. The magnetic field is applied perpendicular to the sample surface, ranging from -6 T to 6 T. As shown in Fig. 4a and b, when the amplitude of the magnetic field increases, the peak positions shift linearly toward the higher energy side, independent of the direction of the magnetic field. Such an anomalous Zeeman response is reproducible on different vacancies (Extended Data Fig. 6 ), and indicates the important orbital contribution to the magnetic moment of the polaron. Because of this, we will refer to the polaron as a bound spin-orbit polaron (SOP). By fitting the two peak positions as a function of the magnetic field ( Fig. 4c ), we obtained a slope of 75 µeV/T = 1.35 µB for the effective moment of the SOP. We have also measured the magnetic field dependence of the near-zero-energy peak on the Sn-terminated surface, and observed a similar anomalous shift (Extended Data Fig. 7 ), which was attributed to the Berry phase induced orbital magnetization in the kagome flat band 13 . It is remarkable that the bound SOP nucleated at the S vacancies in Co3Sn2S2 presents a localized analog of the anomalous Zeeman shift, highlighting the rich and novel behaviors of the correlated and topological d-electrons in this kagome-lattice Weyl semimetal.
Finally, we study the magnetic-lattice coupling of the bound SOP. The lattice distortion around the S vacancies ( Fig. 4d ) shows significant local atomic displacements (see also Extended Data Fig. 8 ). To quantify the lattice distortion, we measure the average nearest atom distance around the S vacancy and determine the local atomic displacement ratio as its percentage changes from the average nearest atom distance far away from the vacancy. The local atomic displacement ratio is ~6% under zero magnetic field.
An external magnetic field is then applied along the c-axis. We find the local atomic displacement ratio decreases significantly with increasing magnetic field strength (Extended Data Fig. 9 ), and about one- 23 . We propose that increasing the SOP density will raise the Curie temperature and enable topological properties, such as the giant anomalous Hall and Nernst transport, to be observed at higher temperatures.
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Density functional theory
Quantum mechanical calculations based on density functional theory (DFT) were performed by using the Vienna Ab initio Simulation Package (VASP) 24, 25 . The projector augmented wave (PAW) 26 method was employed, and the Perdew-Burke-Ernzerhof (PBE) 27 
